Clustered regularly interspaced palindromic repeats (CRISPRs) and the CRISPR-associated (Cas) nuclease protect bacteria and archeae from foreign DNA by site-specific cleavage of incoming DNA. Type-II CRISPR-Cas systems, such as the Streptococcus pyogenes CRISPR-Cas9 system, can be adapted such that Cas9 can be guided to a userdefined site in the chromosome to introduce doublestranded breaks. Here we have developed and optimized CRISPR-Cas9 function in the lactic acid bacterium Lactobacillus reuteri ATCC PTA 6475. We established proof-of-concept showing that CRISPRCas9 selection combined with single-stranded DNA (ssDNA) recombineering is a realistic approach to identify at high efficiencies edited cells in a lactic acid bacterium. We show for three independent targets that subtle changes in the bacterial genome can be recovered at efficiencies ranging from 90 to 100%. By combining CRISPR-Cas9 and recombineering, we successfully applied codon saturation mutagenesis in the L. reuteri chromosome. Also, CRISPRCas9 selection is critical to identify low-efficiency events such as oligonucleotide-mediated chromosome deletions. This also means that CRISPR-Cas9 selection will allow identification of recombinant cells in bacteria with low recombineering efficiencies, eliminating the need for ssDNA recombineering optimization procedures. We envision that CRISPRCas genome editing has the potential to change the landscape of genome editing in lactic acid bacteria, and other Gram-positive bacteria.
INTRODUCTION
Lactic acid bacteria (LAB) are a genetically and ecologically diverse group of Gram-positive bacteria encompassing 31 genera (1) . There is a long history of the application of LAB in a variety of fermentation processes, but especially in the last three decades interest in LAB has significantly increased since many strains, mostly members of the genus Lactobacillus, have health-promoting properties (2) (3) (4) (5) . In addition, many LAB strains are robust organisms that are able to withstand harsh conditions such as ethanol and stomach acid, which makes them attractive vehicles for the development of industrial producer strains and biotherapeutics, respectively (6) (7) (8) (9) (10) (11) (12) (13) (14) . Taken together, LAB are therefore the most abundant group of Gram-positive bacteria used in industry and medicine representing a major economic factor.
For bacterial strains that are of industrial and medical importance, it is key that their genomes can be efficiently edited. This allows improvement of microbial strains in a timely manner, and will enhance our understanding how health-promoting bacteria elicit their effects. In various LAB, mutations can be generated in the chromosome by single-stranded DNA (ssDNA) recombineering (15, 16) . ssDNA recombineering requires inducible expression of a phage-derived ssDNA-binding protein (RecT or Beta), and an oligonucleotide that is identical, other than the base changes that need to be made, to the lagging strand of replication (17) (18) (19) (20) . Once the oligonucleotide is in the cell, the ssDNA-binding protein protects the oligonucleotide from degradation by host nucleases and aids to form a complex between the oligonucleotide and the lagging strand template DNA. An annealed oligonucleotide may serve as a primer for replication, which can be extended into a new daughter strand by DNA polymerase (18, 21) . The efficacy with which the oligonucleotide is incorporated is strongly dependent on the bacterial host, the activity of the phagederived ssDNA-binding protein and ability of mismatches generated to evade the host mismatch repair system (15, (22) (23) (24) . Establishing ssDNA recombineering in a new species is not trivial, exemplified by the fact that there are few strains where mutations can be generated in the absence of selection (15, 16, 20) . Thus, the ability to genetically engineer bacterial genomes by ssDNA recombineering at high efficiencies is a major bottleneck when establishing this technology. Recently, in Escherichia coli, ssDNA recombineering was combined with the type-II clustered regularly interspaced short palindromic repeats (CRISPRs) and CRISPR-associated (Cas) nuclease system of Streptococcus pyogenes to eliminate cells whose genomes have not been edited (25) .
MATERIALS AND METHODS

Bacterial strains, plasmids and media
All bacterial strains and plasmids used in this study are listed in Supplementary Table S1 . Lactobacilli and their derivatives were cultured at 37 o C under hypoxic conditions (5% CO 2 , 2% O 2 ) in deMan Rogosa Sharpe (MRS) medium (Difco; BD BioSciences). Lactococcus lactis NZ9000 was used as a general cloning host, cultured statically at 30 o C in M17-broth (Difco; BD BioSciences) supplemented with 0.5% (w/v) glucose. Electrocompetent cells of the LAB used in this study were prepared as described before (36) (37) (38) . When needed, antibiotics were supplemented at the following concentrations: 5 g/ml erythromycin and chloramphenicol for L. reuteri ATCC PTA 6475 and L. lactis strains, and 25 and 10 g/ml tetracycline for L. reuteri and L. lactis, respectively.
Reagents and enzymes
All modification enzymes were purchased from Fermentas. Enzyme mixes for Gibson assembly were prepared in a manner identical to that previously described (39) . Polymerase chain reaction (PCR) amplifications for cloning purposes were performed with Phusion Hot Start II Polymerase (Fermentas), and PCR amplifications for screening purposes were performed with Taq DNA Polymerase (Denville Scientific). Pellet Paint Co-Precipitant (Novagen) was used to concentrate DNA for Gibson assembly or conventional T4 DNA ligase cloning. Oligonucleotides were purchased from Integrated DNA Technologies.
Construction of vectors for CRISPR-Cas9 selection in L. reuteri 6475
All oligonucleotides can be found in Supplementary Table  S2 . pCAS9 and pCRISPR, both kindly provided by Luciano Maraffinni (The Rockefeller University, New York, USA), were used as template DNA to construct derivatives for use in L. reuteri. The backbone of pNZ9530 was amplified with oVPL112-oVPL113 whereby the genes encoding NisR and NisK were excluded yielding a 4.8-kb fragment. The sequence containing the tracrRNA, cas9 and the direct repeats was amplified from pCAS9 with oVPL114-oVPL115 (5-kb amplicon), whereby the resulting amplicon has on the proximal ends 40 bases complementary to the pNZ9530 amplicon generated by oVPL112-oVPL113. Amplicons were precipitated by Pellet Paint Precipitation, and quantified by Qubit Fluorometric Quantitation (Life Technologies). Both amplicons were fused by Gibson assembly, followed by transformation in L. lactis NZ9000. Fusion of both amplicons was confirmed by restriction digest analysis of plasmid DNA, followed by Sanger sequencing to confirm the integrity of the DNA sequence. The resultant construct was named pVPL3004.
For cloning the direct CRISPR repeats, we first constructed a derivative of pNZ8048 in which we replaced the gene coding chloramphenicol resistance (cm) with a gene coding tetracycline resistance (tet). This would allow us to use this vector in combination with vectors that encode erythromycin and chloramphenicol resistance. We amplified the backbone of pNZ8048 with oVPL362-oVPL363, located upstream and downstream, respectively, of the cm gene in pNZ8048. The tet gene was amplified with oVPL360-oVPL361 using pORI19Tet (kind gift from Robert Britton, Michigan State University) as template. Both amplicons were precipitated and quantified as described above, and mixed at a 1:1 molar ratio (vector:insert) followed by ligation and electroporation in L. lactis NZ9000. Plasmid DNA derived from tetracyclineresistant colonies was digested with NcoI, an enzyme that digests in the pNZ8048 multiple cloning site and internal to the tetracycline resistance gene, to confirm insertion. The resultant plasmid was named pVPL3112. We constructed a derivative of the RecT expression plasmid pJP042 in which we replaced the gene coding for erythromycin with a gene coding for chloramphenicol resistance to yield pVPL3017. The backbone of pJP042 and the cm gene were amplified with oVPL154-oVPL155 and oVPL156-oVPL157, respectively, and fused by Gibson assembly. The recT gene (locus tag HMPREF0536 0521) is derived from a L. reuteri 6475 prophage (15) .
Next, the backbone of pVPL3112 was amplified with oVPL309-oVPL310, and the direct CRISPR repeats were amplified with oVPL320-oVPL321. Both amplicons were precipitated and quantified as described above, followed by blunt-end ligation (1:1 molar ratio vector:insert). We confirmed by sequence analysis insertion of the CRISPR repeats yielding pVPL3115, which for clarity is also referred to as pCRISPRctrl.
A derivative of pCRISPRctrl was prepared to target the lacL locus in L. reuteri 6475 (see Supplementary Table S2 for oligonucleotides used). Briefly, pCRISPRctrl and pVPL3017, which code for the Cas9 nuclease and the tracrRNA, and RecT, respectively. Cas9 and the tracrRNA are constitutively expressed, but are for clarity not shown here. Part of the bacterial chromosome is represented by two black lines; on the right side the leading and lagging strand of replication is indicated. Central are five base pairs in L. reuteri lacL, which were targeted in this study by ssDNA recombineering. (ii) Electrocompetent cells are prepared in which RecT is expressed (green) after which 100 g recombineering oligonucleotide, identical to the lagging strand of replication, is transformed in the cells. Oligonucleotides are depicted as wavy lines in which the five bases (5'-TATTA-3') indicate the desired mutations to be incorporated in the lagging strand of the lacL locus. Once oligonucleotides are in the cell, RecT proteins will bind to ssDNA molecules to protect them from degradation, and to aid to form a complex with the lagging template strand (not shown in figure) . Left: in L. reuteri, ∼95-99% of cells do not incorporate the oligonucleotide in the chromosome (indicated by red X) due to no, or insufficient oligonucleotide molecules entering the cell or suboptimal physiological conditions required for efficient oligonucleotide incorporation such as lower RecT levels. Cells with unedited chromosomes remain wild-type. Right: when the oligonucleotide is incorporated in the chromosome, five adjacent mutations are generated in the lagging strand, resulting in a pure genotype after chromosome and cell segregation. (iii) The population of cells now has a mixture of wild-type and mutant genotypes with abundance (95-99%) of wild-type cells. To select for cells in which the recombineering oligonucleotide is incorporated in the chromosome, pCRISPRlacL is transformed to allow for CRISPR-Cas9 selection. pCRISPRlacL encodes a CRISPR-array that is made up of direct repeats (indicated by boxed R) and the protospacer target sequence (indicated by red line in-between repeats). The Cas9 nuclease (gray) and tracrRNA (cyan), required for Cas9 to cleave the target DNA, form an active complex with the RNA target CRISPR-array sequence (red). Left: in wild-type cells, the dual-RNA Cas9 will bind the chromosomal target DNA sequence, and the S. pyogenesderived Cas9 will efficiently cleave the host DNA if the PAM matches the consensus triplet NGG. (iv) The chromatogram shows more information on the DNA sequence composition. Cleavage of the chromosomes of unedited cells will eliminate the large wild-type population. Right: cells in which the oligonucleotide has been incorporated in the chromosome have the modified lacL target, including the PAM sequence, and hence the dual-RNA Cas9 complex will not be able to cleave the host DNA. This approach allows genome editing with minimum effort.
e131 Nucleic Acids Research, 2014, Vol. 42, No. 17 PAGE 4 OF 11 was digested with BsaI, which cleaves internal to the two CRISPR repeats, followed by gel purification (Fermentas gel purification kit). This allows cloning of a fragment with clamps complementary to the BsaI site to yield a plasmid that contains CRISPR-target sequence-CRISPR. To this end, a pair of complementary oligonucleotides (oVPL151-oVPL152), identical to the 30-bp lacL target region, were annealed generating a double-stranded fragment with overhangs complementary to pCRISPRctrl digested with BsaI. DNA was mixed at a 1:1 molar ratio followed by overnight ligation, pellet paint precipitation and transformation in L. lactis NZ9000. We confirmed by sequence analysis insertion of the lacL protospacer, yielding pCRISPRlacL. In an analogous manner, we constructed pCRISPRsrtA and pCRISPRsdp6 by cloning the complementary oligonucleotides oVPL447-oVPL448 and oVPL453-oVPL454, respectively. The integrity of all pCRISPR plasmids constructed in this study was confirmed by sequence analysis.
CRISPR-assisted oligonucleotide genome editing in L. reuteri
We established a single-step and a more robust dual-step approach for CRISPR-assisted oligonucleotide genome editing in L. reuteri, whereby we used the lacL gene (locus tag HMPREF0536 0317), the srtA gene (locus tag HMPREF0536 0973) and the sdp6 gene (locus tag HMPREF0536 0710) as targets to establish proof-ofconcept. Cells harboring both pVPL3004 (expressing Cas9 and tracrRNA) and pVPL3017 (RecT expression plasmid) were made competent as previously described (15) , with the exception that the growth media contained 5 g/ml erythromycin and 5 g/ml chloramphenicol. For the one-step procedure, cells were co-transformed with 100 g recombineering oligonucleotide (oVPL153 lacL or oVPL449 srtA or oVPL455 sdp6) and 100 ng of the corresponding pCRISPRtarget (pCRIPSRlacL or pCRISPRsrtA or pCRISPRsdp6, respectively). Each of the recombineering oligonucleotides was also combined with pCRISPRctrl, which produces a crRNA that does not have homology to the L. reuteri chromosome. Each of the recombineering oligonucleotides changes upon incorporation five adjacent bases: oVPL153 lacL (CGGGG to TAATA), oVPL449 srtA (AAGGT to TGACA), oVPL455 sdp6 (GGCAG to CTAGC). The protospacer-adjacent site NGG is thus disrupted in all targets, and incorporation of each recombineering oligonucleotide yields in-frame stop codons (see Supplementary Table S1 ). The pCRISPRtarget plasmids will guide cleavage by Cas9 of the chromosomal target regions if these are not edited by each of the ss-DNA recombineering oligonucleotides. After electroporation and recovery, cells were plated on MRS plates with double antibiotic selection to select for pVPL3004 (5 g/ml erythromycin) and the pCRISPR plasmid (25 g/ml tetracycline). Colonies were screened by mismatch amplification mutation assay-PCR (MAMA-PCR) (40) . MAMA-PCR for the targets lacL, srtA and sdp6 was performed with oligonucleotides oVPL347-oVPL348-oVPL349, oVPL468-oVPL469-oVPL470 and oVPL474-oVPL475-oVPL476, respectively.
For the dual-step procedure, cells were transformed with 100 g oVPL153 lacL followed by overnight recovery in 40 ml MRS harboring 5 g/ml erythromycin. This overnight recovery step provides additional replication cycles during which oVPL153 lacL can be incorporated in the chromosome, thereby generating a larger population of mutant genotypes. The next day cells were subcultured in MRS to OD600 = 0.1 harboring 5 g/ml erythromycin, and competent cells were prepared as described previously, but RecT was not induced prior to transformation. Competent cells were transformed with 100 ng pCRISPRlacL or pCRISPRctrl, followed by 2-h recovery in MRS. Plating and screening were performed as described for the one-step procedure. Studies to generate deletions were performed with the dual-step procedure. For both the single-step and the dual-step approach, data were expressed as the level of tetracycline-resistant colony forming units (tet R cfu) per 10 8 viable cells. It needs to be noted that actual viability levels after electroporation and recovery ranged between 4×10 8 and 1×10 9 total cells.
CRISPR-assisted targeted codon saturation mutagenesis
For codon saturation mutagenesis, a dual-step approach was performed as described above. The recombineering step was performed with 100 g oVPL627 NNK. Incorporation of this oligonucleotide yields a single base change (silent mutation) in the PAM region of srtA. Four adjacent mismatches (all silent mutations) are predicted to evade the mismatch repair system, and adjacent to these mismatches are bases that make up a degenerate codon (NNK; N = A/T/G/C, K = T/G). The NNK triplet can yield 32 different codons encompassing all 20 amino acids. In the second step, cells were transformed with 100 ng pCRISPRsrtA. A total of 180 tetracycline-resistant colonies were screened by MAMA-PCR with oligonucleotides oVPL628-oVPL629-oVPL630. Wild-type genotypes yield a 600-bp fragment and incorporation of oVPL627 NNK yielded a 300-bp fragment. Colonies yielding an amplicon of 300 bp were subjected to a second PCR with oligonucleotides oVPL468-oVPL469, and submitted for sequence analysis.
RESULTS
Establishing CRISPR-Cas9 activity in L. reuteri 6475
The goal of this study was to establish CRISPR-Cas9 selection in a lactic acid bacterium strain to allow highefficiency fine-tuned genome editing. To demonstrate functional CRISPR-Cas9 activity in Lactobacillus cells expressing RecT, we used L. reuteri ATCC PTA 6475 as our model organism. Our approach was to establish L. reuteri cells that contain plasmids that produce RecT, key to ssDNA recombineering, and produce Cas9 along with tracrRNA which make up part of the CRISPR-Cas9 system. Recombineering oligonucleotides are introduced into cells along with a plasmid that produces an user-defined crRNA transcript, which complements the tracrRNA and Cas9 to eliminate cells in which the recombineering oligonucleotide was not incorporated in the chromosome. To achieve this, we cloned DNA coding for Cas9 and the tracrRNA in the low-copy vector pNZ9530 yielding pVPL3004, and established this plasmid in L. reuteri that already harbored pVPL3017, which codes for RecT. Subsequently, two plasmids, both coding for tetracycline resistance, were constructed that produce a CRISPR-array with no homology to the L. reuteri chromosome (pCRISPRctrl), or with homology to the L. reuteri wild-type lacL locus (pCRISPRlacL). pCRISPRctrl does not target the L. reuteri chromosome and can be considered a control for transformation. pCRISPRlacL will produce a CRISPRarray that together with Cas9 and the tracrRNA cleaves DNA in the lacL locus, unless it is edited by ssDNA recombineering by means of incorporation of oVPL153 lacL. oVPL153 lacL yields five adjacent mismatches, and based on previous studies we anticipate this will evade mismatch repair in L. reuteri 6475 (15, 16) .
Our first aim was to determine the efficacy of CRISPRCas9 selection in L. reuteri 6475 by comparing the number of transformants obtained from pCRISPRctrl to pCRISPRlacL when combined with a control recombineering oligonucleotide. L. reuteri harboring pVPL3004 and pVPL3017 was made competent after induction of RecT and co-transformed with 100 g control oligonucleotide targeting rpoB (oVPL236 rpoB) and 100 ng pCRISPRctrl or pCRISPRlacL, respectively. We obtained 5×10 3 tetracycline-resistant transformants when cells were co-transformed with oVPL236 rpoB+pCRISPRctrl. This transformation efficiency is 2 orders of magnitude lower compared to transformation efficiencies obtained with the same plasmid in L. reuteri 6475 wild-type cells (see Discussion). No transformants were obtained with oVPL236 rpoB+pCRISPRlacL indicative of CRISPRCas9 selection (Figure 2a ). To ensure that the presence of pVPL3004 and transformation of either CRISPR plasmid does not affect the recombineering efficiency, we assessed the level of rifampicin-resistant colonies. Incorporation of oVPL236 rpoB yields base changes in the RNA polymerase gene that result in amino acid changes that render the cells resistant to rifampicin. We recovered 10 7 rifampicin-resistant colonies per 10 9 viable cells (data not shown), similar to levels previously described for L. reuteri 6475 (15) . Collectively, these data suggest that CRISPRCas9 efficiently cleaves L. reuteri 6475 chromosomal DNA, and does not affect the recombineering efficiency in this host.
CRISPR-Cas selection post ssDNA recombineering increases the level of recombinants
To investigate whether we could combine Cas9 dual-RNA selection with ssDNA recombineering to recover mutant cells, we co-transformed 100 g oVPL153 lacL with 100 ng of pCRISPRlacL. oVPL153 lacL yields five adjacent mismatches. Upon incorporation in the lacL locus, the PAM (Figure 1 ) is eliminated. Modification of the PAM site prevents the Cas9 dual-RNA complex-dependent cleavage of the host DNA at this locus, and survivor cells should have oVPL153 lacL incorporated in their DNA. After co-transformation of oVPL153 lacL+pCRISPRlacL, we obtained on average a total of 27 tetracycline-resistant colonies per 10 8 viable cells (Figure 2a ). Although this may suggest that recombinants are recovered, this level is likely an underestimate since efficient oligonucleotide incorporation requires DNA replication; co-transformation of oVPL153 lacL and pCRISPRlacL may therefore not yield enough replication cycles for oVPL153 lacL to be incorporated in the chromosome prior to Cas9-mediated DNA cleavage. To address this, we established a dual-step procedure where we first performed a ssDNA recombineering experiment followed by a second step with CRISPRCas9 selection. L. reuteri 6475 harboring pVPL3004 and pVPL3017 was transformed with 100 g oVPL153 lacL or 100 g control oligonucleotide, and cells were recovered overnight in 40-ml MRS. The next day competent cells were prepared, and cells initially transformed To identify recombinants, a MAMA-PCR was used. In wild-type cells (left), the forward (F) and reverse (R) oligonucleotide yield a 1-kb amplicon. The third oligonucleotide (M) has five bases on the 3'-end that are complementary to the bases incorporated by the recombineering oligonucleotide. In wild-type cells, these five bases are non-complementary to the template DNA and the DNA polymerase will not extend the MAMA oligonucleotide. In recombinant cells (right), the MAMA-oligonucleotide will be extended yielding a 0.5-kb amplicon. The bias in template availability may yield preferential amplification with abundance in 0.5-kb amplicons. (c) Twenty colonies derived from a dual-step CRISPR-Cas9-ssDNA recombineering experiment were screened by MAMA-PCR to identify recombinants in the lacL locus. A 1-kb fragment is indicative of a wild-type genotype, whereas the presence of a 0.5-kb fragment is indicative of a recombinant genotype. In the absence of CRISPR-Cas9 selection, (oVPL153 lacL+pCRISPRctrl) only 1-kb amplicons were obtained, indicating no colonies were identified in which oVPL153 lacL is integrated in the lacL locus (top gel). With CRISPR-Cas9 selection (oVPL153 lacL+pCRISPRlacL), all 20 colonies yielded a 0.5-kb fragment, indicating that CRISPR-Cas9 successfully removed unedited cells from the population (bottom gel). Data shown are representative images from four independent experiments. (d) Twenty colonies derived from a single-step approach were screened by MAMA-PCR to identify recombinants in the srtA locus. In the absence of CRISPR-Cas9 selection (oVPL449 srtA+pCRISPRctrl), the lack of significant levels of a 500-bp amplicon suggested that no recombinants were obtained, as was confirmed by sequence analysis (top gel). With CRISPRCas9 selection (oVPL449 srtA+pCRISPRsrtA), 18 out of 20 colonies screened yielded a clear 500-bp amplicon. This, combined with sequence analysis confirmed a mutant genotype (bottom gel). (e) Twenty colonies derived from a single-step approach were screened by MAMA-PCR to identify recombinants in the sdp6 locus. No recombinants were obtained in the absence of CRISPR-Cas9 selection (oVPL455 sdp6+pCRISPRctrl) as only 1-kb amplicons were obtained (top gel). With CRISPR-Cas9 selection (oVPL455 sdp6+pCRISPRsdp6), all 20 colonies screened yielded a 500-bp amplicon indicative for a mutant genotype (bottom gel). Numbers on left and right side of the gel indicate fragment sizes in kilobases (kb); wt and -indicate that L. reuteri 6475 wild-type genomic DNA and water are used as template controls, respectively. with either oligonucleotide were transformed in the second step with pCRISPRctrl or pCRISPRlacL. Compared to the single-step procedure, the dual-step procedure increased, relative to pCRISPRctrl, the number of recombinants by 1.9-fold (Figure 2a ). More importantly, a 100-fold higher transformation efficiency of pCRISPRctrl was obtained in cells transformed in the dual-step procedure compared to cells co-transformed with oligonucleotide and pCRISPRctrl (single-step; Figure 2a ; see Discussion). This also dramatically increased the pool of potential recombinants as now more than 2,500 colonies are recovered from pCRISPRlacL transformation, approximately 100-fold more compared to the co-transformation approach (Figure 2a) . Consecutive transformation of oVPL236 rpoB and pCRISPRlacL did yield several background colonies, which only could be present when the CRISPR system is evaded, however; background levels were only 0.25% compared with the dual-step transformation of oVPL153 lacL and pCRISPRlacL (Figure 2a ). To get an indication what percentage of tetracycline-resistant colonies are recombinants, we performed a MAMA-PCR screen (Figure 2b ) (40) . Only recombinants were recovered when cells were subjected to pCRISPRlacL selection at a reproducible efficiency of 100% (Figure 2c ). The mutant genotype was also confirmed by sequence analysis of amplicons derived from five randomly picked colonies that were positive by MAMA-PCR (data not shown).
Although the dual-step procedure provides a more robust approach to identify mutants, we assessed whether the few colonies obtained by a single-step approach yield similar efficiencies of recombinants. Only recombinants were recovered when cells were co-transformed with oVPL153 lacL+pCRISPRlacL. We performed a MAMA-PCR screen on 20 tetracycline-resistant colonies, which yielded 100% efficiency. The mutant and wild-type genotypes of the lacL target region of five colonies derived from oVPL153 lacL+pCRISPRlacL and oVPL153 lacL+pCRISPRctrl, respectively, were confirmed by sequence analysis (data not shown).
Genome modification at different loci
To show that CRISPR-Cas9-assisted recombineering can be used to target loci other than lacL, we constructed two additional pCRISPR plasmids, pCRISPRsrtA and pCRISPRsdp6. pCRISPRsrtA and pCRISPRsdp6 each produces a CRISPR-array that together with Cas9 and the tracrRNA cleaves within the sortase (srtA) locus, and a locus that encodes a surface protein (sdp6). Editing of srtA and sdp6 by ssDNA recombineering by means of incorporation of oVPL449 srtA and oVPL455 sdp6, respectively, will eliminate the PAM by making five adjacent base changes and subsequently prevent cleavage by Cas9. Co-transformation of 100 g oVPL449 srtA+100 ng pCRISPRsrtA and 100 g oVPL455 sdp6+100 ng pCRISPRsdp6 yielded on average 60 and 18 tetracyclineresistant colonies per 10 8 viable cells, respectively (data not shown). We obtained 10 3 colonies per 10 8 cells with each of the recombineering oligonucleotides combined with pCRISPRctrl, comparable as observed with oVPL153 lacL+pCRISPRctrl. MAMA-PCR on colonies derived from oVPL449 srtA+pCRISPRctrl yielded 1-kb amplicons, and a weak 500-bp fragment for all colonies screened, including wild-type, was obtained. Sequence analyses of 10 1-kb amplicons showed that all amplicons were wild-type, thus strongly suggesting that the 500-bp fragment was obtained from non-specific amplification of the MAMA-oligonucleotide. In two independent experiments, we obtained on average 92.5 ± 2.5% recombinants when we screened 20 colonies derived from oVPL449 strA+pCRISPRsrtA (Figure 2d) . Similarly, we obtained 95 ± 5% recombinants when screening 20 colonies derived from oVPL455 sdp6+pCRISPRsdp6, whereas no recombinants were identified within the pool of cells derived from oVPL455 sdp6+pCRISPRctrl (Figure 2e) . We obtained for each target five escaper colonies as determined by the co-transformation of the control oligonucleotide oVPL236 rpoB combined with either pCRISPRsrtA or pCRISPRsdp6. Thus, CRISPR-assisted oligonucleotidemediated genome engineering functions at high efficiency in L. reuteri 6475. Both a single-step and a dual-step procedure yield 90-100% recombinants, but the dual-step procedure provides a more robust approach to identify recombinant cells.
Low-frequency mutations can be recovered by CRISPRassisted genome editing
Since Cas9 dual-RNA genome targeting provides strong selection in L. reuteri 6475, we tested whether CRISPRCas9-assisted genome editing also allows for identification of mutants that occur at lower frequencies, such as oligonucleotide-mediated chromosome deletions.
In L. reuteri 6475, oligonucleotide-mediated chromosome deletions larger than 250 bp occur at frequencies lower than 0.3% (unpublished observations). Here we establish that CRISPR-Cas9 selection can be used to select for low-efficiency events. 80-mer oligonucleotides were designed which, when incorporated in the chromosome, yield a 501-bp (oVPL489 501) or a 1002-bp (oVPL490 1002) in-frame deletion, thereby also deleting the protospacer sequence in the lacL locus (Figure 3a) . The number of CRISPR escapers represents baseline levels of detection, and was determined by subsequent transformation of oVPL236 rpoB and pCRISPRlacL. Based on three independent experiments, we obtained on average 97 escaper colonies within the pool of 9×10 8 viable cells. Compared to these baseline levels, only an increase of 1.9-fold and 1.3-fold tetracycline-resistant colonies was obtained for oVPL489 501 and oVPL490 1002, corresponding respectively to 186 and 125 cfu. These data show that oligonucleotide-mediated deletions of ∼0.5 and 1 kb are 100-fold less efficient compared to mutating five adjacent mismatches in the same locus, which corresponds to ∼0.01% efficiency. Based on three independent experiments, a PCR screen on 46 tetracycline-resistant colonies with oligonucleotides that flank the deletion region (oVPL492-oVPL493) identified on average 10 ± 6 and 3 ± 2 deletion events of 0.5 and 1 kb, respectively (Figure 3b ). In addition to lacL, we also successfully made an in-frame deletion of 702 bp in the srtA locus. Our approach was identical to that described for the deletions in the lacL locus with exception that we used oligonucleotide oVPL578 702 combined with pCRISPRsrtA. For screening purposes, we used oligonucleotides that flank srtA (oVPL468-oVPL469). In two independent experiments, 8 ± 0% of the screened cells showed that oVPL578 702 was incorporated in the chromosome (data not shown). In conclusion, oligonucleotide-mediated deletions up to 1 kb are a realistic approach to edit the L. reuteri 6475 genome in a time-efficient manner when combined with CRISPR-Cas9 selection.
Codon saturation mutagenesis by dual-step CRISPRassisted recombineering
CRISPR-assisted recombineering opens up the exciting possibility to perform codon mutagenesis in the L. reuteri chromosome. In L. reuteri, non-homologous bases can be 10 bases from the proximal end in a 80-mer oligonucleotide (unpublished observations), meaning that the resulting mismatches can be as far as 60 bases apart. Therefore, one is not restricted to only the PAM site for mutagenesis. To show that CRISPR-Cas9-assisted recombineering is a viable approach for codon mutagenesis studies, we designed an oligonucleotide (oVPL627 NNK) that has the following key features: (i) four adjacent non-homologous bases, which yield silent mutations, and are expected to evade the mismatch repair system; (ii) a single non-homologous base yielding a silent mutation, which modifies the NGG PAM motif; (iii) the presence of a degenerate triplet (NNK; N = A/T/G/C and K = G/T), which can result in 32 codons covering all 20 amino acids, but reduces the chance to incorporate a stop codon (Figure 4 ). Our experimental design was such that we modified the same PAM site that could be used in combination with pCRISPRsrtA, and a dualstep approach was chosen to maximize the number of recombinants. We first transformed 100 g oVPL627 NNK, followed by transformation of 100 ng pCRISPRsrtA. A total of 180 tetracycline-resistant colonies were screened by MAMA-PCR to identify recombinants. The MAMA oligonucleotide anneals to four adjacent bases, which are incorporated by oVPL627 NNK, but its annealing is not dependent on the bases deduced from NNK. Approximately 50% of the screened colonies were confirmed to have incorporated oVPL627 NNK (data not shown), and this percentage is comparable to what has been observed in E. coli when the PAM site is AAG (25) . The pool of 91 recombinant colonies was subsequently used as template for a second PCR to generate 1-kb amplicons, which were submitted for DNA sequencing analysis. All 91 clones were confirmed to have a recombinant genotype, but five clones had a mutation in the oligonucleotide target region different than depicted by oVPL627 NNK. These include two single base deletion events, and two single transition events in which a cytosine base was replaced by a thymine base. One clone showed seven modified adjacent bases as depicted by oVPL627 NNK (position 25-32); however, the PAM site was not modified and was confirmed to be NGG. The remainder of 86 clones revealed that the triplet coding for proline at position 144 (P144) was replaced with base(s) yielding triplets that code for 19 amino acids other than proline, or the termination codon TAG (Table 1) . Interestingly, looking at the nucleotide distribution of the various triplets derived from NNK, we noted that relatively few codons are obtained with the base cytosine at position 1 or 2 in the NNK codon, which are identical to the wild-type sequence. Despite an uneven distribution, our results show that codon saturation mutagenesis by means of CRISPRCas9-assisted recombineering is a realistic approach in L. reuteri.
DISCUSSION
This work describes the development of CRISPR-Cas9 genome editing in combination with ssDNA recombineering in L. reuteri 6475 that allows identification of mutations at efficiencies up to 100%. We uncovered that cotransformation of a recombineering oligonucleotide and a CRISPR-target plasmid, a single-step approach, will yield recombinants when ssDNA recombineering efficiencies are optimal; however, these levels will not suffice to identify recombinants with an oligonucleotide that does not evade mismatch repair as 100-fold fewer recombinants may be obtained bringing it below the detection limit.
A dual-step approach increased the level of recombinants significantly and may be attributed to a variety of parameters, including the increased level of transformants obtained with the pCRISPRctrl plasmid. The transformation efficiency of pCRISPRctrl in L. reuteri 6475 was ∼100-fold higher in the absence of RecT induction prior to transformation. We initially thought that high levels of RecT in cells
Nucleic Acids Research, 2014, Vol. 42, No. 17 e131 transformed with pCRISPR-derivatives were linked to the lower transformation efficiency we observed in the singlestep procedure. Since pCRISPRctrl is derived from a plasmid with a rolling-circle mode of replication (pSH71 origin), which generates ssDNA intermediates during replication (41), we hypothesized that RecT could bind and interfere with replication. We tested this by transforming a rolling circle and a theta replicating plasmid in L. reuteri wild-type or L. reuteri expressing RecT. However, each plasmid yielded comparable transformation efficiencies in each of the strains tested (data not shown), suggesting that parameters other than RecT contribute to the differences in transformation efficiency between the single-step and dualstep procedure. We also examined the possibility that the high oligonucleotide concentration would reduce the efficiency at which pCRISPR transformants, and thus recombinants, can be obtained in the single-step approach. Preliminary data showed that reducing the oligonucleotide concentration from 100 to 10 g increased the plasmid transformation efficiency by 4-fold, but only 2-fold more recombinants were obtained, whereas co-tranformation of 1 g oligonucleotide did not improve the transformation efficiency and the level of recombinants. The latter can be attributed to the fact that significantly fewer recombinants are obtained with 1 g recombineering oligonucleotide compared to 100 g (15) . Thus, fine-tuning the balance between oligonucleotide concentrations and pCRISPR only slightly improved the number of recombinants in the single-step approach.
A less pronounced, yet reproducible improvement with the dual-step approach may be attributed to the prolonged replication time when the recombineering oligonucleotide is in the cell prior to CRISPR-Cas9 selection. We see that relative to the pCRISPRctrl, approximately 2-fold more putative recombinants are obtained compared to the single-step approach, suggesting that prolonged recovery may increase the number of cells in which the recombineering oligonucleotide is incorporated. This is in line with work published previously showing that a recombineering oligonucleotide targeting the rpoB gene yields 5-fold more recombinants when cells are grown in the absence of rifampicin selection compared to plating cells directly on selective plates after recovery of electroporation (15) .
Although the dual-step procedure yielded a larger pool of recombinants, we also obtained cells that escaped the CRISPR-Cas9 selection. These escape mutants were obtained when cells with unmodified PAM sequence (within lacL) were transformed with pCRISPRlacL. Thus, cells survived, which should have been killed. Sequence analysis of the lacL region of 10 escaper colonies did not reveal a mutation in the protospacer or the PAM region in the chromosome (data not shown), suggesting that a mutation in either pCRISPRlacL or pVPL3004 could have attributed to the presence of the escaper colonies, as previously described for E. coli (25) . The frequency of CRISPR-Cas9 survivors was calculated by determining the ratio between the number of cfu obtained from pCRISPR lacL / pCRISPR ctrl. Interestingly, this frequency in L. reuteri was determined to be 2.5×10 −4 , identical to that observed in E. coli. This may suggest comparable mutation and recombination rates in these organisms, and that differences that exist in codon usage between these strains do not affect CRISPR-Cas9 activity.
In addition to escapers, CRISPR-Cas9 has been shown to introduce double-strand breaks in off-target sites (42). Although we were able to select for mutations in different loci, we cannot rule out that a proportion of cells was killed due to off-target cleavage, even if the recombineering oligonucleotide was incorporated. From the population of cells that was transformed with plasmid DNA, ∼1% of this population survived CRISPR selection. Since we showed that 90-100% of these survivor cells were confirmed to be a mutant genotype, we can conclude that ∼1% of the total population of cells transformed are recombinant. These levels are comparable to what has been described previously for unselected ssDNA recombineering in L. reuteri (15) . Thus, if off-target cleavage occurs, this will likely be at low frequencies for the loci described in this study.
To further exemplify the utility of CRISPR-Cas9-assisted recombineering, we also performed codon mutagenesis in the L. reuteri chromosome. With proper oligonucleotide design, the target sequence is not restricted to the PAM. In L. reuteri non-homologous bases can be present 10 bases from each proximal end in the oligonucleotide (unpublished observations). That means that for a 80-mer oligonucleotide, a 60-bp span is covered, and within that range mutations can be generated in the PAM, in addition to upstream and downstream located sequences. Analyses of the L. reuteri chromosome showed that NGG motifs are present every 15 base pairs. Thus, a single recombineering oligonucleotide would be able to cover multiple NGG PAM sites, and offers plenty opportunity to edit the chromosome.
In this study, we designed an oligonucleotide that is predicted to evade the mismatch repair system, incorporates a degenerate codon, and modifies the PAM sequence from NGG to NAG. A NAG PAM sequence in E. coli results in ∼50% cleavage by Cas9 (25) . We observed similar efficiencies in L. reuteri despite the fact that in addition to the modified PAM sequence up to seven adjacent non-homologous bases were present in the protospacer at position 17-23 (position 1 being the first nucleotide upstream of NGG). These results suggest that the presence of the seven nonhomologous bases in this location of the protospacer do not affect Cas9 cleavage. Although Jiang et al. did not investigate the role of multiple adjacent mismatches in the protospacer on Cas9 cleavage, their results also suggest that single base changes at position 13-20 in the protospacer do not affect Cas9 cleavage (25) . Ran et al. showed that the S. pyogenes CRISPR-Cas9 system cleaves target DNA efficiently if non-homologous bases at position 21-28 are present in the protospacer, whereas a protospacer of 17 base pairs still yields efficient targeting by Cas9 (43, 44) . Collectively, it is therefore plausible that non-homologous bases in the protospacer at position 17-23 do not affect the efficacy at which Cas9 cleaves the L. reuteri chromosome.
Sequence analysis of 86 recombinants revealed that a single triplet encoding proline was modified to yield 19 different amino acids. We observed that the abundance of recombinant sequences was not evenly distributed as some triplets were not recovered (like CTT), whereas as many as nine AAT triplets were recovered from the pool of 86 recombinants. A closer look at the nucleotide distribution within e131 Nucleic Acids Research, 2014, Vol. 42, No. 17 PAGE 10 OF 11 the triplets derived from the NNK codons in 86 clones revealed that only three codons were recovered in which the middle base is a cytosine, which interestingly is identical to the wild-type sequence. We do not know the rationale for this, but possibly the efficacy by which oligonucleotides are incorporated in the L. reuteri is lower when a single homologous base is flanked by mismatched base(s). It thus cannot be ruled out that the efficacy of ssDNA recombineering may be sequence context-dependent. For example, previously in L. reuteri ssDNA recombineering, efficiencies varied in different targets from 0.4% up to as high as 19% (15) . Although we were successful in codon-saturation mutagenesis in the L. reuteri chromosome, improved molecular insights into off-target cleavage, and sequence-dependent ssDNA recombineering will be useful when technologies like CRISPRCas9 and ssDNA recombineering are applied to generate whole genome mutant libraries. Also, although we were able to cure all plasmids combined after ∼70 generations in at least 30% of the cell population in three independent clones (data not shown), the development of a temperature sensitive replicon for pCRISPR may further improve the efficacy of plasmid curing since pCRISPR appears most stable in L. reuteri 6475 compared to pVPL3004 and pVPL3017.
The ability to select for recombinant cells by CRISPRCas9 allowed for selection of oligonucleotide-mediated chromosomal deletions up to 1 kb, which has not been previously described in Firmicutes. The use of CRISPR-Cas9 to identify mutations that occur at low frequencies opens up the possibility to expand this selection approach to organisms with industrial and medical relevance with low efficiency engineering tools, including various lactobacilli and the majority of bifidobacteria. Also, our work combined with current developments in CRISPR-Cas9 genome editing makes the application of MAGE in lactobacilli and bifidobacteria tantalizing, yet not unreasonable (45, 46) . CRISPR-Cas9 may also complement more mainstream genetic approaches to engineer genomes, such as double crossover strategies to delete or insert genes. The protospacer may be designed such that only cells will be recovered if the deletion or insertion event has taken place, thereby eliminating unedited cells. Taken together, CRISPR-Cas9 selection combined with genetic engineering tools such as ss-DNA recombineering provides researchers with a toolset that widens the horizon of fine-tuned genome editing in a variety of organisms.
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